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Transition metal dichalcogenides (TMDs) are a class of layered materials that hold great promise for a wide
range of applications. Their practical use can be limited by their thermal transport properties, which have proven
challenging to determine accurately, both from a theoretical and experimental perspective. We have conducted
a thorough theoretical investigation of the thermal conductivity of four common TMDs, MoSe,, WSe,, MoS,,
and WS,, at room temperature, to determine the key factors that influence their thermal behavior. We analyze
these materials using ab initio calculations performed with the SIESTA program, anharmonic lattice dynamics and
the Boltzmann transport equation formalism, as implemented in the temperature-dependent effective potentials
method. Within this framework, we analyze the microscopic parameters influencing the thermal conductivity,
such as the phonon dispersion and the phonon lifetimes. The aim is to precisely identify the origin of differences
in thermal conductivity among these canonical TMD materials. We compare their in-plane thermal properties in
monolayer and bulk form, and we analyze how the thickness and the chemical composition affect the thermal
transport behavior. We showcase how bonding and the crystal structure influence the thermal properties by
comparing the TMDs with silicon, reporting the cases of bulk silicon and monolayer silicene. We find that the
interlayer bond type (covalent vs. van der Waals) involved in the structure is crucial in the heat transport. In
two-dimensional silicene, we observe a reduction by a factor ~15 compared to the Si bulk thermal conductivity
due to the smaller group velocities and shorter phonon lifetimes. In the TMDs, where the group velocities and
the phonon bands do not vary significantly passing from the bulk to the monolayer limit, we do not see as strong
a decrease in the thermal conductivity: only a factor 2-3. Moreover, our analysis reveals that differences in
the thermal conductivity arise from variations in atomic species, bond strengths, and phonon lifetimes. These
factors are closely interconnected and collectively impact the overall thermal conductivity. We inspect each of
them separately and explain how they influence the heat transport. We also study artificial TMDs with modified
masses, in order to assess how the chemistry of the compounds modifies the microscopic quantities and thus the

thermal conductivity.
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I. INTRODUCTION

Two-dimensional (2D) materials have received significant
attention over the past decades due to their potential for ap-
plications in electronic and optoelectronic devices [1]. Many
new materials have been identified and synthesized, providing
ample opportunities for exploring novel physics. A salient
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example is the family of transition metal dichalcogenides
(TMDs), which show tunable electronic properties depending
on the number of layers, transitioning from direct to indirect
band gap semiconductors when passing from a 2D mono-
layer to a 3D bulk crystal [2]. These materials have already
yielded prototype applications, in optoelectronics, bio and
chemical sensing, flexible electronics, thermoelectrics, and
heat management [3]. A crucial aspect in the performance of
(opto)electronic devices is their thermal management, to en-
sure that the systems can operate at reasonable temperatures,
and avoid degradation.

In insulators and semiconductors, the thermal conductiv-
ity is predominantly governed by quantized lattice vibra-
tions (phonons). Phonons change with the atomic structure,
system size, and atomic species involved, leading to a
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material-dependent thermal behavior. The thermal conductiv-
ity is determined by the efficiency of phonons in transporting
heat through several key factors, including their frequency and
velocity; their modal heat capacity, which governs how much
heat they will carry at a given temperature; their mean-free
path (MFP), which reflects how far they can travel before scat-
tering; and the related lifetime, which reflects how long they
persist before being absorbed, diffused, or annihilated. Several
sources of phonon scattering are relevant for the determina-
tion of these properties [4—7]. Resistive scattering between
phonons (both normal and Umklapp) due to anharmonic cou-
pling becomes more significant as the temperature increases,
leading to a decrease in thermal conductivity. Phonons can
also interact with defects (including isotope disorder), sur-
faces, grain boundaries, and impurities in the lattice, resulting
in additional scattering events that reduce the thermal con-
ductivity, which are dominant at low temperatures. The total
thermal conductivity of a material depends on the complex
interplay between these types of scattering events, including
both intrinsic and extrinsic factors. By understanding and
controlling these factors, one can design new materials with
tailored thermal properties for a wide range of applications
and engineer heat transport in devices, to efficiently manage
heat and prevent malfunctioning or degradation.

Previous computational studies have predicted the in-
plane lattice thermal conductivity, ;, of monolayer and bulk
TMDs using different approaches. Taking monolayer MoS;
as an example, this material has been studied using nonequi-
librium molecular dynamics (NEMD) [8], the ab initio
Peierls-Boltzmann equation, the semiempirical Slack equa-
tion [9], and the nonequilibrium Green’s function (NEGF)
[10] formalism, with computed values spreading over two
orders of magnitude [11-23]. Even when employing the
same approach, there are still unexplained discrepancies in
the resulting «; values found in the literature. For instance,
again in MoS,, values from 1.35-530 W/m/K have been
reported from classical MD calculations, and between 23 and
400 W/m/K using first-principles anharmonic scattering cal-
culations. Besides the dispersion of the values, the physical
mechanisms governing the heat flux in those materials are not
fully explained, particularly how the properties change with
the material composition, thickness and scattering sources.
Several works have gone in this direction for bulk TMDs
[22,24] providing precious insight, but either using 7 = 0 K
interatomic force constants, or for a limited set of TMDs.

Here, we carry out a detailed investigation to unravel the
microscopic mechanisms governing heat dissipation in differ-
ent TMDs, and conduct a comparative study of the thermal
properties of the most common TMDs in both their bulk
and monolayer structures, using a rigorous method based on
first-principles calculations, thermally renormalized phonons
and the iterative solution of the Boltzmann transport equa-
tion (BTE). The structure of this paper is as follows: In Sec. II
we present the methods employed and the calculation details,
while the results Sec. III is devoted to present the main find-
ings of this work. We present first the comparison between
monolayer and bulk TMDs, focusing on the phonon band
structures and on the thermal conductivity. Then, we study
the differences between monolayers with different chemi-
cal compositions, presenting a microscopic analysis of the

parameters that play a role in the thermal conductivity. We
analyze the effect of the atomic species on both phonon bands
and k; by studying artificial TMDs with modified mass of
the compounds, while keeping the crystal interatomic force
constants fixed. Finally, we show how the thermal properties
depend on the dimensionality of the crystal bonding: we com-
pare a 3D bonded bulk crystal, silicon, to a silicon monolayer,
silicene and 2D-bonded bulk TMDs with monolayer TMDs.
Section IV draws the main conclusions of our work. In Ap-
pendix we report a detailed analysis of the scattering rates
occurring in our materials.

II. METHODS

In our calculations we consider a hexagonal unit cell and
the stable 2H stacking for the bulk. The monolayer cal-
culations are performed cutting out and relaxing a single
layer from the bulk structure. The approach used to compute
the thermal properties is based on density functional theory
(DFT) [25,26] as implemented in the SIESTA program [27,28],
combined with the temperature-dependent effective potentials
method (TDEP) [29-31] for anharmonic lattice dynamics and
thermal transport. The ab initio calculations are used as a
driver for computing the atomic forces needed as input for
the calculation of the thermal properties. The atomic positions
and lattice constants are optimized using a conjugate gradient
minimization scheme. The reference structures, from material
project database [32], are relaxed until the maximum forces
on atoms were smaller than 10> eV /A. Our DFT calculations
are performed using the GGA-PBE [33] functional including
van der Waals interactions though the LMKLL parametriza-
tion [34]. A cutoff energy of 1000 Ry is used for the real
space integrals, and the Brillouin zone sampling is performed
with a mesh of 20 x 20 x 20 k points in the bulk systems
and 20 x 20 x 1 for the monolayers. All the pseudopotentials
are taken from the PSEUDODOIO library [35] in the scalar
relativistic norm conserving form [36]. Phonons and anhar-
monic terms are computed using the DFT forces obtained
with SIESTA, in supercells of sizes 10 x 10 x 2 for bulk and
10 x 10 x 1 for monolayer systems.

In order to obtain the thermal properties, we employ the
TDEP method, which has been used successfully in many sys-
tems of different bonding and dimensionality [37—40]. For the
case of MoSe, we have previously utilized TDEP combined
with SIESTA to calculate the thermal conductivity in a broad
range of thicknesses, from the bulk down to the monolayer
limit, in excellent agreement with experimental results [41].

We displace the atoms using thermally occupied phonon
displacements following a Bose-Einstein distribution at 300 K
[30,31,42]. Initial force constants are built from a model
quartic potential fit to the Debye temperature taken from the
literature [16,17,43]. With those generated supercells, statisti-
cally distributed to sample a canonical ensemble, we extract
second- and third-order interatomic force constants (IFCs).
The IFCs are obtained by fitting the potential energy surface
at finite temperature in order to get the best possible effec-
tive Hamiltonian. These IFCs are then used to generate new
thermalized and stochastic configurations and to extract a new
set of IFCs for the system, iterating until self-consistency is
reached. In our calculations we use a number of canonical

125422-2



MICROSCOPIC UNDERSTANDING OF THE IN-PLANE ...

PHYSICAL REVIEW B 109, 125422 (2024)

configurations Neone = 27, where p is the iteration number. We
need seven iterations to converge the IFCs for the materials
studied, leading to a total of 128 configurations. We computed
the IFCs using a radial cutoffs of 8 A and 5 A for second- and
third-order IFCs, respectively. We have checked that TDEP
does not generate configurations with unphysical bond lengths
in our TMDs, as can happen for graphene [44], and therefore
its application in these systems is sound.

In order to converge the force constants we compute the
phonon dispersions and the thermal conductivity at each iter-
ation step. We consider that the calculation is converged when
the maximum relative difference in the phonon frequencies
and the lattice thermal conductivity in the in-plane direction
between consecutive iterations is less than 1%. For the range
of the IFC, we have checked the IFCs’ norm, in order to
verify how small the interactions on the last shell were. With
the final IFCs, k; is obtained by solving the linearized BTE
iteratively. The first step of the iteration is the relaxation
time approximation (RTA), where mean-field single-phonon
lifetimes are used. In order to extract the lattice thermal con-
ductivity, we perform the calculations for different g-point
grids, up to 24 x 24 x 24 for bulk crystals and 128 x 128 x 1
in the monolayers, and extrapolate to an infinite grid of ¢
points using a linear fit of 1/«; versus 1/N,, where x indi-
cates the in-plane direction, as reported in the literature [45].
Here we recall the linearized BTE equation valid for small
perturbations out of equilibrium, within the RTA, in order to
understand which physical parameters play a dominant role
for our purposes:

1
Kap = v ZCAUMUWQ, e
s

where A indicates the phonon mode, V is the volume of
the simulation cell for the material studied—in our case the
volume used to perform the DFT calculations—C; is the vol-
umetric specific heat capacity of the mode, v; is the mode
group velocity, 7, is the mode-specific phonon lifetime, and «
and B indicate the directions where the temperature gradient is
applied and where the heat current is measured, respectively
[4]. The first two quantities (C, and v,) depend only on the
second derivatives of the energy with respect the atomic dis-
placements, while 1, includes all the anharmonic effects, and
depends on the higher orders of the energy vs displacement
derivatives. In the TDEP method the second-order IFCs are
renormalized to infinite order, which minimizes the explicit
higher-order terms, and optimizes for the applicability of per-
turbation theory. Within TDEP the temperature-dependent fit
yields the best harmonic model, which includes the average
(over the configurations chosen) contributions of all higher
order terms. This implies that the fit of the higher-order terms
(beyond the harmonic ones) produces the smallest values, as
they are only the difference between the full anharmonic terms
and their average value contributing to the harmonic term.
The fact that the anharmonic terms are small significantly
increases the range of applicability of perturbation theory
starting from the effective harmonic one. To quantify the
accuracy of our method to describe the thermal conductivity,
we analyze the effect of the different phonon scattering pro-
cesses, including isotope and four-phonon scattering, showing

the results in Appendix. We demonstrate that the contribution
due to four-phonon scattering is small (few percent). For that
reason, we limit the anharmonic terms in the fit to the third
derivatives, ignoring explicit scattering coming from higher
orders. For MoS,, the isotope scattering decreases the thermal
conductivity by 25% at room temperature in the bulk case, and
18% in the monolayer. Similar changes are found for the other
TMDs; more specifically, for the bulk (monolayer) we find a
decrease of 38% (17%) for WS,, 15% (8%) for MoSe,, and
15% (6%) for WSe;.

The computed values refer to the cell used in the simula-
tion. In the case of the monolayers we consider a ¢ parameter
that includes 17 A of vacuum, which is sufficient to prevent
any periodic interactions along the stacking direction. Some
of the studies presented in the literature include a different
choice of the monolayer thickness used in the calculation
of the thermal conductivity, and the correct definition of the
effective thermal thickness is still under debate. A recent work
proposed a thickness-free definition of thermal conductivity
for two-dimensional materials, called sheet thermal conduc-
tivity [46]. However, the conversion of the literature values
to this new definition is not straightforward: in many works
it is not clear what thickness was used, and moreover, the
sheet conductivity makes the comparison with experiments
more complicated. Here, we consider the thickness (for one
monolayer plus vacuum) as the value that gives us the best
agreement with the experimental results [41] across many
thicknesses, and note that this particular choice does not quali-
tatively affect the conclusions on the microscopic mechanisms
in our comparative study.

III. RESULTS

In this section, we analyze the thermal properties of the
four most commonly used TMDs in their monolayer and bulk
forms: MoS,, WS,, MoSe,, and WSe,. First, we compare the
monolayers with their bulk counterparts, and then focus on
the differences between the various monolayers (Sec. III A).
We start by analyzing the phonon dispersion and density of
states (phonon DoS) (Sec. IIT A 1), then we study the in-plane
thermal conductivity and compare monolayer values with the
theoretical literature, in which «; is still under debate, and with
the bulk results (Sec. IIT A 2).

To understand the microscopic properties that determine
the thermal conductivity in these materials, we carry out
an analysis of (i) the spectral conductivities, to evaluate the
frequency range of phonon modes that contribute most to
the thermal transport; (ii) the group velocity, heat capacity
and phonon lifetimes to understand the differences between
the four compounds (Sec. III A 3), and (iii) the effect of the
atomic species on the thermal properties (Sec. III B). Lastly,
we present the comparison with silicon and silicene, to under-
stand the effect of the bonding type and dimensionality on the
thermal properties (Sec. III C).

A. TMDs: bulk vs monolayer

We start with a detailed analysis of the phonon band struc-
tures and phonon density of states for a better comprehension
of the nature of the underlying phonon modes, and to explain
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FIG. 1. Phonon band structures of bulk (top) and monolayers (bottom) TMDs. Yellow shaded regions show the band gap between the
optical and acoustic (or acousticlike interlayer) modes. For the monolayers, to facilitate the comparison with bulk, we also show directions of
the Brillouin zone perpendicular to the layer (I"-A), although there is no phonon dispersion in that direction.

how the thickness of these materials affects their vibrational
properties (Fig. 1 and Fig. 2). Then, we compare our in-plane
thermal conductivity with literature results for the monolayer
and bulk TMDs (Tables I and II). In addition, we report in
Fig. 3 intermediate microscopic quantities that enter in the
thermal conductivity, to show the influence of each indepen-
dently.

1. Phonon dispersions of TMDs

The phonon dispersion relations shown in Fig. 1 are similar
for the four TMDs under study, with a change in the fre-
quency range due to the different species of atoms involved;
the lighter the chalcogen, the higher the frequency range of
the phonons. The acoustic modes have a markedly mixed
character for the selenides (where the mass of the metal and
the chalcogen are closer), but their character is dominated by

the metal atom for the sulfides. These arguments also explain
the width of the acoustic manifold, which decreases when
going from Mo to W, and increases when changing Se by
S. For the optical modes, the phonon character is necessar-
ily complementary: the weight shifts towards the chalcogen
atom as the mass difference increases. Note that some optical
modes have pure chalcogen nature imposed by symmetry (see,
e.g., Ref. [47]). The two sulfides exhibit a substantial phonon
band gap between the acoustic and optical manifolds, which
is smaller in WSe, and absent in MoSe,. This feature was
correlated with the thermal conductivity by Broido, Lindsay
and coworkers: a larger phonon band gap causes a higher
thermal conductivity due to the limitation of anharmonic pro-
cesses, particularly those involving two acoustic phonons and
an optical phonon (aao scattering) [48,49]. In the case of
MoSe,, where the masses of the atoms are closest, the phonon
DoS [Figs. 2(a)-2(b)] shows the strongest mixing of atomic
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FIG. 2. Phonon DoS of bulk (top) and monolayers (bottom) TMDs. Dashed and solid lines represent the DoS projected on the chalcogen

and on the metal atoms, respectively.
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FIG. 3. Thermal properties of TMDs in the bulk (darker colors) and monolayer structures (lighter colors). (a)—(d) show the spectral thermal
conductivity, i.e., the thermal conductivity resolved in frequency. The total area under the curve represents the effective thermal conductivity.
(e)—(h) are the product of heat capacity and group velocity square vaﬁ. (1)—(1) show the phonon lifetimes.

character at low frequencies. In this case there is no gap
between the two manifolds [Figs. 1(a) and 1(b)] and we obtain
the lowest values for the thermal conductivity, as we will show
in Sec. IIT A 2.

2. Thermal conductivity for monolayer and bulk TMDs

Heat transport in TMDs is naturally dominated by the three
acoustic phonon branches: the longitudinal acoustic (LA),
transverse acoustic (TA), and flexural acoustic (ZA) modes.
The LA mode involves compression waves with atomic dis-
placements along the wave propagation direction. The TA
mode corresponds to shear waves with in-plane displace-
ments perpendicular to the propagation direction. Lastly, the
Z.A mode involves out-of-plane atomic displacements. While
the LA and TA branches have approximately linear dis-
persion at the center of the Brillouin zone, the monolayer
ZA mode shows a quadratic dispersion as expected for 2D
structures [50,51]. In the case of bulk crystals a large contribu-
tion comes from the low-lying (acousticlike) optical phonon
modes, which have similar group velocities and only slightly
higher frequencies than pure acoustic modes.

We summarize our calculated values of the in-plane ther-
mal conductivity for monolayer TMDs in Table I, together
with predicted values reported in the literature obtained us-
ing nonequilibrium molecular dynamics (NEMD) [8], the
ab initio Peierls-Boltzmann equation, the semiempirical Slack
equation [9], the Green Kubo (GK) [52,53] formalism, and the
nonequilibrium Green’s function (NEGF) [10] method. The
variation in the values reported in the literature can have dif-
ferent origins, some of which can be: (i) the specific force field
and approximations made in the molecular dynamics studies;
(ii) the size of the supercell used for the simulations: NEMD

studies implement an explicit gradient, which is often unreal-
istically high and may be beyond the linear Fourier regime;
(iii) the monolayer thickness assumed in the calculation of
a volume (the thermal conductivity being inversely propor-
tional to its value); and (iv) the scattering sources taken into
account (see below). Our results align with the lower values
of conductivities reported in the literature. The two selenides
have similar thermal conductivities, while those of MoS,
and WS, are 1.5x and 2x larger, respectively. This trend is
in line with previous studies reporting the in-plane thermal
conductivity for the four TMDs, obtained experimentally by
time-domain thermoreflectance [54], spatiotemporal measure-
ments of phonon diffusion [55], and obtained theoretically
using DFT and the Boltzmann transport equation [19,22].

In Table II we report the in-plane thermal conductivity
for the bulk TMDs calculated in this work and compared
with the literature. Our results match with previous works
using similar methods [60,61], while the predicted value of
k; of MoS,; obtained using NEMD [59] is considerably lower,
75%, than our results, and found to be constant with the
number of layers, suggesting a possible underestimation of
the interlayer interactions due to the choice of the empirical
potential. Overall, the monolayer values are two to three times
lower than the bulk, which reflects confinement effects. We
will now examine which phonons are affected by interlayer
interactions.

3. Microscopic analysis of the thermal conductivity in TMDs

To pinpoint which phonons dominate thermal transport,
we plot the spectral thermal conductivity [Figs. 3(a)-3(d)],
which represents the integrand of «; in the frequency domain.
We plot the range of modes below 5 THz, and note that the
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TABLE I. Literature values for theoretical predictions of «; in
monolayer TMDs at room temperature, indicating in each case the
method used in the calculations. Nonequilibrium Green’s function
(NEGF) [10], Green Kubo (GK) [52,53], nonequilibrium molecular
dynamics (NEMD) [8], DFT results either in the Peierls-Boltzmann
(BTE) method [4] or the semiempirical Slack approach [9].

TMD Method in-plane x; (W/m/K) Reference
MoSe, DFT + Slack 17.6 [16]
MoSe, NEMD 24.8 [12]
MoSe, NEMD 29.05 [56]
MoSe, NEMD ~40 [23]
MoSe, DFT + BTE 54 [19]
MoSe, DFT + BTE 51.5,70.3 [24]
MoSe, DFT + GK 39 [24]
MoSe, DFT + BTE 20.6 This work
WSe, NEMD 39.94 [56]
WSe, DFT + BTE 3.93 [57]
WSe, DFT + BTE 51 [58]
WSe, DFT + BTE 53 [19]
WSe, DFT + BTE 58.7,55.1 [24]
WSe, DFT + GK 42 [24]
WSe, DFT + BTE 21.8 This work
MoS, NEMD 1.35 [11]
MoS, NEMD 329 [12]
MoS, NEMD 193-531 [13]
MoS, NEMD 33-54 [14]
MoS, NEMD 19.76 [59]
MoS, NEMD 89.43 [56]
MoS, NEMD ~90 [23]
MoS, NEGF 23 [15]
MoS, DFT + Slack 33.6 [16]
MoS, DFT+ BTE 34.5 [17]
MoS, DFT+ BTE 83 [18]
MoS, DFT+ BTE 103 [19]
MoS, DFT + BTE 131 [20]
MoS, DFT + BTE ~400 [21]
MoS, DFT + BTE 32.4 This work
WS, NEMD 91.66 [56]
WS, DFT + Slack 31.8 [16]
WS, DFT + BTE 142 [19]
WS, DFT + BTE 424 This work

monolayer spectral conductivity is significantly smaller with
respect to bulk. Interestingly, in the very low frequency range
(below 0.5 THz), we see a contribution in the monolayer
MoS, and MoSe, spectra that is not present in the bulk, and
that partially compensates the smaller contribution from the
rest of the frequency range [Figs. 3(a), 3(b)]. In Figs. 3(e)—
3(h) we show the harmonic contribution ( f C,,vg) of the
phonons to the total thermal conductivity [see Eq. (1)] in
monolayer and bulk TMDs. The difference in the thermal
conductivity cannot be explained by the harmonic term: only
minor changes appear between the bulk and the monolayer,
resulting from (i) the quadratic flexural mode present only
in the monolayer and in (ii) the acousticlike optical modes
in the bulk TMDs. The latter are the combination of acous-
tic modes of the monolayer constituents, but with different
phases between consecutive layers. In Figs. 3(1)-3(l) we re-
port the phonon lifetimes as a function of their frequency.

TABLE II. Literature values for theoretical predictions of in-
plane «; in bulk TMDs, indicating in each case the method used in
the calculation.

TMD Method in-plane x; (W/m/K) Reference
MoSe, DFT + BTE 55 [60]
MoSe, DFT + BTE 19 [22]
MoSe, DFT + BTE 43.7 This work
WSe, DFT + BTE 50 [60]
WSe, DFT + BTE 42 [22]
WSe, DFT + BTE 52.1 This work
MoS, NEMD 19.76 [59]
MoS, DFT + BTE 98 [61]
MoS, DFT + BTE 81 [22]
MoS, DFT + BTE 76.2 This work
WS, DFT + Slack 31.8 [16]
WS, DFT + BTE 126 [22]
WS, DFT + BTE 134.2 This work

All the materials show decreasing lifetimes as the frequency
increases, because more resistive scattering channels become
available for higher phonon energies [48]. The peak encoun-
tered in the spectral thermal conductivity for monolayers Mo
compounds can be explained by large lifetimes at extremely
low frequencies below 0.5 THz. The corresponding modes in
W TMD monolayers have much smaller lifetimes compared
to Mo or the bulk W TMDs, and do not contribute to x;(w).
The acoustic mode-resolved lifetimes for the monolayers are
shown in Fig. 4, with the corresponding band structures as
insets. The majority of the thermal conductivity is explained
by the LA phonon mode, associated with larger group veloc-
ities, and to the amplitude of the acoustic-optical band gap
in the phonon spectrum, which reduces the channels for two
phonons to be combined into an optical phonon in the upper
manifold. This produces longer phonon lifetimes in the most
relevant frequency range for TMDs from 2-4 THz. Both the
gaps and lifetimes track the ordering of x;: WS, > MoS, >
WSe, > MoSe,. The 2-4 THz frequencies contributing to
thermal transport are due to the extended linear dispersion of
the acoustic modes (and of the acousticlike, optical modes in
the bulk, which have a parallel dispersion).

In the previous literature, some studies predicted infinite
phonon lifetimes associated with the ZA mode, due to its
quadratic dispersion in ¢ [62]. This artificial feature, derived
from the perturbation theory including only three-phonon
scattering, is not observed here. Indeed, all our calculations
include the natural isotope distribution, which makes the di-
vergence in the lifetimes at low frequency disappear.

The higher thermal conductivity in WS, (bulk: 134; mono-
layer: 42 W/m/K) compared to the other materials is mainly
due to the lifetimes of all three acoustic phonon modes. Both
in monolayer and bulk WS,, we see a plateau in the frequency
range between 1 and 4 THz, which is unusual comparing to
normal materials and simple models where T ~ 1/w, exploits
the full peak of the harmonic spectral density.

MoS,; (bulk: 76; monolayer: 32 W/m/K) is similar, with
relatively constant but slightly lower phonon lifetimes from
2-4 THz. The strongest difference is in the ZA mode lifetime,
which is two orders of magnitude larger than in WS, at very
low frequencies.
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FIG. 4. Phonon lifetimes contributions of the acoustic modes of monolayer TMDs. Insets: acoustic phonon mode dispersions considered

in the analysis.

WSe, (bulk: 52; monolayer: 22 W/m/K) shows similar
lifetimes to WS, up to 1.5 THz, but then loses a factor of 2
in ZA and then in LA and TA as well, and has a cutoff before
4 THz resulting from a smaller phonon band gap.

MoSe, (bulk: 44; monolayer: 21 W/m/K) presents the
sharpest decrease in phonon lifetimes with increasing fre-
quency, in both the monolayer and the bulk case. The shorter
lifetimes above 1.5 THz are responsible for the lower thermal
conductivity observed in MoSe, compared to the other TMDs.
The strong acoustic-optical scattering in this material results
from the absence of a phonon gap. MoSe, presents very long-
lived ZA phonons at frequencies lower than 0.2 THz, but their
contribution to the overall thermal conductivity is limited by
their small velocity, phonon DoS, and hence the C,.

Despite the fact that the monolayers under study have
relatively similar values of the in-plane thermal conductivity,
the relative mode contributions to the phonon-phonon
scattering are different. In Table III we summarize the
percentage contribution of each acoustic mode to the total
lattice thermal conductivity. In the W-based TMDs the ZA

TABLE III. Percentage of acoustic contribution to the thermal
conductivity «; for each mode in monolayer TMDs. The last column
reports the percentage of the thermal conductivity that is due to
optical modes.

LA TA ZA Optical modes
MoSe, 53.86% 28.75% 16.67% 0.72%
MoS, 50.79% 29.51% 18.95% 0.74%
WSe, 46.51% 27.32% 25.27% 0.90%
WS, 45.01% 28.97% 25.02% 1%

mode has a larger share, close to TA, and the fraction of heat
carried by the LA mode is lower. This results from a larger
lifetime for the TA modes but a different distribution of the
harmonic «; factor C,v;.

These results are in agreement with Ref. [58] on WSe;.
In this work, the authors conclude that ZA and TA contribu-
tions are comparable because of an enhanced phonon-phonon
scattering phase space of the flexural mode, associated with
the breaking of the reflection symmetry. This scattering
reduces the ZA contribution to the total lattice thermal con-
ductivity [63,64].

In the case of MoSe,, predicted to be the most anharmonic
of our TMDs, the ZA mode contributes only 16.8% of the
acoustic thermal conductivity. This reduction is in line with
the previous literature [56].

B. Comparison to artificial TMDs with modified mass

To verify whether the thermal conductivity differences
among the TMDs can be explained by their relative atomic
masses alone, or if there are essential differences coming from
details in the chemical bonds through the (harmonic and an-
harmonic) force constants, we compute the thermal properties
of some of the compounds changing their atomic masses but
maintaining the IFCs fixed. In particular, we calculated the
modified in-plane thermal conductivity «; of the most con-
ductive TMD (WS) in its monolayer structure, substituting
the mass of tungsten by that of molybdenum, indicated with
the notation Mow, which will increase the phonon frequen-
cies. Comparing the modified in-plane thermal conductivity
of these artificial compounds with our results for WS, and
MoS, we can extract relevant information about the origin
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FIG. 5. Phonon band structure of monolayer TMDs with natural and modified masses: (a) and (b) MoS, (blue), WS, (yellow), and artificial
WS, with Mo mass in place of W (pink); (c) and (d) WSe, (green), WS, (yellow), and artificial WS, with Se mass instead of S (purple).

of the differences in phonons and thermal properties among
the TMDs. Next, we repeat the analysis by changing the
sulfur mass to that of selenium, Seg, which reduces the mass
gap. Figure 5 shows the modified phonon band structures
according to the mass of the artificial compounds, compared
to the four reference TMDs. The left panels, Figs. 5(a) and
5(c) demonstrate the effect of the IFCs, while the right panels,
Figs. 5(b) and 5(d), show the effect of the mass change with
respect to WS;. As expected the harmonic part of the «; inte-
gral indeed depends strongly on the relative mass difference
between the two species involved. In the first case [Fig. 5(a)]
the WS, IFCs have a small effect, pushing the optical phonon
frequencies slightly higher. In Fig. 5(b) we observe more en-
ergetic phonons in the acoustic range due to the lighter metal,
but also a change of 10% in the optical phonon energy. The
acoustic optical gap decreases on net with respect to WS,.
When substituting the S with Se atoms [Fig. 5(c)], there are
changes in both the acoustic and optical manifolds, and the
phonon band gap decreases with respect to the WSe,. Finally
in Fig. 5(d) we see the largest effect, coming from a chalcogen
mass change in WS,.

The changes in acoustic and optical phonons could be
expected to remove/create scattering channels in the modified
compound, leading to an increase/reduction of the thermal
conductivity. This can be qualitatively verified through the
spectral thermal conductivity and lifetimes in Fig. 6. By look-
ing in more detail at the anharmonic part, particularly at the
phonon lifetimes, we can see that the mass substitution has
indirect effects in the trend of the thermal conductivity. For
the Mow substitution the higher-frequency lifetimes decrease,
and the low-frequency Mo peak does not appear; it is intrinsic
in the Mo IFC. For the Seg substitution there is also a high-
frequency suppression of the lifetimes, and the «;(w) becomes

almost identical to WSe;; the chalcogen difference is mainly
a mass effect except a few low-frequency phonons in WSe;,
which do not affect «;(w). Combining the IFCs of the original
compounds and the masses of the modified structure, the in-
plane thermal conductivity of WS, (42.4 W/m/K) decreases,
whether with the Mo or Se substitutions, to values of 19.4 and
32.0 W/m/K, respectively.

C. Comparison with silicon

So far, we have focused our attention on the differences
between the TMDs. In this section we also consider the

= MoyS; === MoS; WS, —— WSes, =—— WSe; WS,

Kspec (W/(KmTHz))

Lifetimes (ps)

0 i 2 3 40 1 2 3 4
Frequency (THz)

FIG. 6. Lattice spectral thermal conductivity (top panels) and
phonon lifetimes (bottom) for modified WS,, compared to those of
the MoS,, WS,, and WSe, compounds. Left panels show the results
for artificial TMDs with replacement of the W mass by that of Mo,
and right panels using Se mass in place of S.
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FIG. 7. Phonon dispersion relations of (a) bulk silicon and
(b) monolayer silicene.

effect of the type of interlayer bonding (covalent vs van der
Waals) on the thermal conductivity. We consider the thermal
properties of monolayer silicon (silicene) and compare it with
bulk silicon. To model silicene we select a honeycomb lattice
with low buckling obtained from a Si(111) surface. Previous
ab initio studies have shown this to be the most stable structure
resulting from a pseudo-Jahn-Teller effect, which is present
only in the monolayer structure [65-69].

Figure 7 displays the phonon dispersion relations of mono-
layer and bulk silicon, which align with prior research [48,70].
The most noticeable difference between bulk and monolayer
is in the acoustic manifold.

The bulk silicon phonon structure is continuous between its
acoustic and optical manifolds and shows a large group veloc-
ity for the LA branch. Whereas TMDs display little change
in phonon structure due to thickness, in the case of silicene
a gap appears that changes the interactions between acoustic
and optical phonons, and the group velocity of longitudinal
and especially ZA acoustic phonons is reduced, which limits
the thermal transport.

From the spectral thermal conductivity [Fig. 8(a)] we can
see a broad drop in k; contributions across the spectrum from
the bulk to the silicene layer. The first effect arises in the
harmonic term [Fig. 8(b)] at frequencies larger than 3 THz,
where the strong reduction of group velocities explains a part
of the drop in the thermal conductivity between silicon and
silicene. This is a true 2D /3D effect, and is not observed in
the TMDs: in the midranged acoustic frequencies, the silicene
LA phonon group velocity goes to zero, giving a much lower
contribution to the thermal conductivity. However, most heat
transport in bulk silicon comes from phonons with relative
low energies, in the range between 1 THz and 3 THz, where
the harmonic term does not change as much, and can even
be larger in silicene than bulk silicon. In Fig. 8(c) we present
the phonon lifetimes: there is a change of two orders of magni-
tude in phonon lifetimes between the bulk and the monolayer,
particularly in the acoustic phonon bands, where bulk silicon
shows phonon lifetimes of 1 ns against a maximum in silicene
of dozens of ps. The long-lived low-g phonons lead to the
large value observed in bulk silicon, and the strong differ-
ence with its monolayer counterpart. The cumulative thermal
conductivity with respect to mean-free path (Fig. 9) confirms
this: the phonons in bulk silicon give significant contributions
for mean-free paths up to 30 um. Phonons with MFP up to
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FIG. 8. Bulk silicon (black) and monolayer silicene (gray) prop-
erties: (a) Spectral thermal conductivity, (b) harmonic contribution to
the thermal conductivity, and (c) phonon lifetimes.

100 nm comprise the whole thermal conductivity in silicene,
but contribute only for 25% of the bulk «;.

The origin of this behavior is naturally the different bond-
ing type in the two compounds. In the case of the layered vdW
structures, the forces do not change strongly when passing
from a monolayer to a bulk structure, since the chemical
nature of the compound remains the same and interlayer in-
teractions are always weak. The lack of covalent bonds in
the silicene structure in the out-of-plane direction, together
with the strong anisotropy of the monolayer compared to the

1.0
5 0.8
(0]
N
© 0.6
IS
e
204
x
0.2 —— bulk
—— monolayer
0.0 ‘
108 10-7 106 10-5 1074

Mean Free Path (m)

FIG. 9. Thermal conductivity as a function of the total phonon
mean-free path for bulk silicon (black) and silicene monolayer
(gray). The vertical lines represents the phonon mean-free path at
which the whole conductivity is taken into account.
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FIG. 10. Thermal conductivity vs thickness: the length of the
histogram represents the in-plane thermal conductivity expressed
in units of W/m/K for the compounds studied using SIESTA DFT
and BTE as implemented in TDEP. The shaded bars represent the
monolayer structure, the uniformly coloured bars represent the bulk
values. In the case of the monolayers we consider a ¢ parameter that
includes 17 A of vacuum. If, instead we would use the thickness of a
single layer of compound, obtained as half of the ¢ lattice parameter
in the bulk structure, the thermal conductivity of monolayer TMDs
would be, respectively: MoSe, 53.87 W/m/K, WSe, 56.33 W/m/K,
MoS; 89.17 W/m/K, WS, 116.44 W/m/K.

cubic 3D crystal, change its properties drastically. Indeed,
according to the Slack’s criteria [9], one of the rules of thumb
to have high thermal conductivity in nonmetallic structures
is the presence of strong interatomic bonds. These bonds are
much less numerous in 2D silicene than in bulk Si, which
causes a strong decrease in its heat conduction efficiency.
While flexural phonons can also contribute to heat transport
in 2D materials, they are not sufficient to compensate for
the loss of effectiveness of these types of bonds. Another
important difference is the presence of long MFP phonons at
midfrequency, known in the literature for bulk silicon [45],
which are absent in silicene.

In Fig. 10, we present a comprehensive summary of our
calculated in-plane lattice thermal conductivities, and com-
pare the bulk values with the monolayer cases, including for
silicon. In the TMDs, we observe a reduction by a factor 2—-3
in thermal conductivity when passing from the bulk to the
monolayer. On the contrary, due to the difference in the struc-
ture and nature of the bonds, 2D silicene presents a reduction
by a factor 15 with respect to the bulk silicon, as explained by
the analysis above (Sec. II1 C).

IV. CONCLUSIONS

In summary we have calculated the thermal conductivity
and related physical quantities for four different 2H TMDs
in their bulk and monolayer forms, using a DFT-BTE ap-
proach beyond the relaxation time approximation. We have
analyzed the contribution of different phonon modes as a
function of frequency and the accessible phase space where
phonon-phonon interactions take place. This allows us to
identify the parameters responsible for the different heat trans-
port behaviors we observe in these compounds.

The order of the bulk and monolayer TMD «; (WS, >
MoS; > WSe, > MoSe;,) can be explained by the com-
bination of several factors. The harmonic phonons are quite

similar between the four materials, as is the harmonic spectral
contribution to «;: C, vé% (w). The intermediate frequencies 2—
4 THz are important as C, increases and v, is maintained for
acoustic and acousticlike low optical modes in 2D materials.
Lifetimes in this range are determined mostly by the size of
the phonon band gaps. A plateau in midfrequency lifetimes
and a wider frequency range for WS, (and MoS,) explains its
larger thermal conductivity.

The monolayer and bulk TMD «k; show very little differ-
ence in harmonic terms, but some systematic decrease of the
lifetimes across the board. The dramatic drop of the low-
frequency ZA mode lifetimes has few consequences on «;
in W-based compounds, while some «; is recaptured in the
Mo compounds with a low-frequency peak in k;(w) below
0.5 THz. Mass substitution for constant interatomic force con-
stants allows to dissect the effects at low and high frequency:
the low-frequency Mo peak is due to the IFC and not to the
mass or frequency; the midfrequency dominance of WS, on
the other hand is linked to frequencies and the mass ratio of
W/S, rather than the intrinsic IFC.

While in the case of TMDs, the harmonic term does
not change significantly with thickness, it has a remarkable
impact on the thermal conductivity of bulk and monolayer
silicene, where we observed a decrease of a factor ~15 of
the in-plane thermal conductivity from the bulk silicon to
silicene. This results both from harmonic (reduction of group
velocities) and anharmonic effects (band interference scatter-
ing). There are almost three orders of magnitude difference
between phonon lifetimes of silicene and bulk silicon for fre-
quencies lower than 3 THz, where the majority of the thermal
conductivity is taken into account. The interlayer bonding (co-
valent vs vdW) in the structure is a key factor in determining
heat transport.

The findings presented in this work should be generalizable
to other TMDs, and to other 2D materials as well, although
we observe significant differences already between these four
closely related materials. The examination of the phonon dis-
persions and along with the insight found here might allow
a first estimate of the potential for thermal conductivity and
related quantities. Moreover, the simple and effective method-
ology introduced in our study provides a practical means to
analyze the thermal properties of TMDs and comparing them
with other materials.
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APPENDIX: SCATTERING CONTRIBUTIONS

In this Appendix we will analyze the contribution of differ-
ent scattering mechanisms present in the 2D crystals.

1. Scattering beyond intrinsic three phonon

An important factor to consider when studying the phonon
thermal transport is the relative contribution of the differ-
ent scattering mechanisms that determine the total thermal
conductivity. The analysis is performed on monolayer MoS;
using as input the same (DFT calculated) displaced atomic
configuration energies and forces used in the rest of the
paper. We use TDEP to calculate the thermal conductivity
(1) including not only the three-phonon processes, but also
the four-phonon processes; and (ii) examining isotopic mass
disorder following the natural distribution of isotopic masses.
Both mechanisms add scattering and therefore thermal resis-
tance. The three cases are compared in Fig. 11. The first
contribution (four-phonon processes) is often neglected due
to the difficulty in its calculation, with an extremely high
computational cost compared to the three-phonon scattering
because of the increased phase space for four-phonon (three
independent wave vector) events conserving momentum and
energy [71]. For bulk crystals it has been shown that these con-
tributions can be important, especially at high temperatures,
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FIG. 12. Lattice thermal conductivity of bulk MoS, as a function
of temperature between 200 K and 800 K. We show the results for
the lattice conductivity «; both for the natural isotope distribution
(labeled iso) and the isotopically pure case (labeled no-iso), respec-
tively, in blue and green. With solid lines we report the in-plane
thermal conductivity and with dashed lines the out-of-plane contri-
bution, with good agreement with previous literature [73,75].

reaching contributions between 25% and 36% for silicon and
germanium [71]. More importantly for us, recent studies have
shown a large effect in single-layer graphene: the in-plane
mirror symmetry forbids processes with odd numbers of out
of plane phonons, which reduces the relative ZA branch con-
tribution by 40% [72]. Previous works show contradictory
results, with one study finding that four-phonon processes
only decrease the thermal conductivity by about 10% [73],
and another predicting a decrease of almost a factor of five
[74]. We do not observe as strong an effect in monolayer
MoS, where it yields a contribution to the thermal conduc-
tivity of less that 1% for the temperature range considered.
The effect is thus much weaker in TMDs with respect to
the planar 2D monolayer graphene. MoS, also possesses a
horizontal mirror plane, but has additional internal degrees
of freedom. We rationalize the small contribution as the
result of the additional flexibility of z-polarized modes of
the TMD, which allow scattering at the three-phonon level,
which is only possible at the four-phonon level in graphene
(which starts from a much higher «; in the three-phonon
case). We reached the same conclusion for the other three
monolayer TMDs: the in-plane lattice thermal conductivity
decrease by 1% when the fourth-order IFCs are included.
It is important to mention that the calculation carried out
here is done using a coarser g-point grid than those used
for the three-phonon processes, due to memory limitations,
and is then extrapolated following the same method we used
above.

2. Isotope scattering contribution

Isotope disorder plays a significant role in the bulk crystals
as well. In Fig. 12 we show the effect of including isotope
disorder for bulk MoS,, compared to the isotopically pure
material. We show values for the typical range of temperatures
at which devices can operate, both for the in-plane and out-
of-plane thermal conductivity. We observe a reduction due
to isotope scattering (mainly for the in-plane conductivity)
that becomes more important as the temperature decreases, as
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expected: at low 7' the anharmonic phonon-phonon scattering
does not play a significant role, thus the mass disorder in the
species involved due to the isotope distribution, has a larger

relative weight. For that reason, in our calculations the isotope
scattering with natural isotope distribution is always taken into
account.
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